The radio frequency ͑rf͒ plasma and its operating conditions play a large, if not dominant role, in the differences of characteristics of molecular beam epitaxy-grown dilute-nitride samples between various research groups. Optimization of the rf plasma itself has become more important due to recent discoveries that ions cause significant damage to the optical quality of the material. An investigation on the effects of different nitrogen gas flows into the rf plasma cell was conducted. GaInNAs quantum wells were grown with different flow rates and their optical quality was examined using photoluminescence. A Langmuir probe was used to qualitatively analyze the ion flux originating from the plasma. We find that lower gas flow rates lead to a "sparse" operating condition and to higher ion counts which degrade the optical quality of the material. Higher flow rates are necessary to minimize ion counts and obtain higher quality materials.
I. INTRODUCTION
The addition of nitrogen to InGaAs by Kondow et al. has enabled the development of long-wavelength optoelectronics grown on GaAs. 1 Nitrogen in GaAs has a unique property such that, in dilute amounts, the band gap of the alloy decreases as the lattice parameter decreases. Most III-V semiconductors have an increasing band gap with decreasing lattice parameter. It was not possible to grow GaAs-based materials, such as InGaAs, with band gaps corresponding to optical emission at the desirable telecommunication wavelengths of 1.3 and 1.55 m due to the large lattice parameter mismatches. However, with the addition of nitrogen into InGaAs, it has been possible to obtain material which grows coherently on GaAs and has the desired smaller band gaps. GaInNAs ͑and GaInNAsSb in certain cases͒ has provided the method of obtaining long-wavelength optoelectronics on GaAs. [2] [3] [4] [5] [6] One unique feature of the dilute-nitrides grown by molecular beam epitaxy ͑MBE͒ is the use of a radio frequency ͑rf͒ plasma cell. A method of producing reactive nitrogen, namely atomic nitrogen, is needed in order for any incorporation to occur. Nitrogen in its standard state, N 2 , is an extremely stable molecule with a dissociation energy of 9.76 eV. 7 Thermal cracking of N 2 is not compatible with ultrahigh vacuum equipment due to the enormous temperatures needed to break a bond of such high energy. The most successful method of obtaining reactive atomic nitrogen has been the use of a rf plasma source. Although there have been numerous discussions on the use of a rf plasma cell to grow dilute nitrides, there have only been a few in the actual investigation of the plasma cell conditions itself since the initial inception of GaInNAs. [8] [9] [10] Most paths at improving material quality have been directed towards varying growth conditions, altering compositions, or even using additional constituents. However, the nitrogen rf plasma cell itself introduces many variables in the study, growth, and optimization of dilute nitrides.
It is generally believed that cracking efficiency of a plasma is highest when the rf skin depth is less than the radius of the space in which the plasma is contained. 8, 11, 12 However, it is uncertain whether or not the plasma conditions used by most groups created inside the cell are optimal. Different plasma conditions can lead to varying nitrogen fluxes and ion counts. One straightforward method of changing the efficiency of a plasma is to vary the gas density. By changing the gas flow rate into the plasma cell, one can change the gas density inside the crucible. The density of gas then affects the rf skin depth of the plasma and thus changes the efficiency of the plasma and the types of species which are generated. Ions are not preferred during plasma growth due to their damaging nature. They can cause roughening and break or alter bonds and thus cause defect laden material. 11 Nitrogen ions are also known to etch GaN during growth. 12 It is suspected that ion damage is one of the dominant sources of defects in the dilute nitrides. 8, 13 In this article, we examine the consequences of varying the gas flow to the rf plasma cell during GaInNAs growth. We also investigate the effects of different flows on the nitrogen ion counts measured from the plasma cell using a Langmuir probe. Using high-resolution x-ray diffraction ͑HRXRD͒ and secondary ion mass spectrometry ͑SIMS͒, we show that GaInNAs samples can be grown at different growth rates and gas flows and still obtain the same composition without any degradation in structural quality. We show using room-temperature photoluminescence ͑PL͒ that as the nitrogen gas flow into the cell increases, the GaInNAs samples have increasing PL intensity. This agrees with the theory that nitrogen rf plasma cell was operating in a sparse condition and increasing gas densities leads to more benefia͒ Electronic mail: hyuen@snow.stanford.edu cial plasmas. Finally, we present Langmuir probe measurements which show lower gas flow plasmas produce more ions. Increased ion counts lead to reduced sample quality.
II. EXPERIMENTAL DETAILS
The GaInNAs samples used in this study were grown on ͑100͒ GaAs substrates by solid-source MBE in a Varian Mod Gen-II system. Standard SUMO Knudsen effusion cells supplied gallium and indium and a valved arsenic cracker supplied As 2 . Growth rates were obtained via beam equivalent pressure ͑BEP͒ measurements using an ion gauge filament. The BEP/growth rate measurements were calibrated by several methods including HRXRD, reflection high-energy electron diffraction, and SIMS. Under typical 1.3 m GaInNAs growth conditions performed in this group, the gallium growth rate is set to ϳ0.34 m / h and the indium growth rate to ϳ0.15 m / h. The arsenic BEP is set to 20ϫ the group-III BEP during nitride layer growth. The GaInNAs layers were grown at a substrate temperature of 425°C and the GaAs cap at 580°C.
Nitrogen was supplied by a modified SVT Associates plasma cell operating at a rf of 13.56 MHz. Nitrogen gas of 5 N ͑99.999%͒ purity was filtered through a Ͻ1 part-perbillion Pall Mini-Gaskleen purifier to minimize oxygen contamination. Under typical growth conditions, the cell is operated with 300 W input power and a nitrogen gas flow of 0.5 sccm. Nitrogen incorporation into ͑In͒GaAs is directly controlled by the group-III growth rate and obeys the equation
where ͓N%͔ is the percentage of nitrogen desired, 0.8 is a constant obtained from calibrations, and ͕GR͖ is the group-III growth rate in m/h. 14 The constant is based upon the typical 0.5 sccm flow and increases with larger gas flow and vice versa. To test the effects of different flow rates on GaInNAs quality, several samples were grown at a variety of growth rates and gas flows. First, three samples were grown at the normal growth rates with varying flow rate to examine feasibility as well as the incorporation properties of higher ͑0.75 sccm͒ and lower ͑0.25 sccm͒ gas flows. From those samples, different nitrogen incorporation constants were obtained. With the calibrations, the growth rates were changed so that the compositions of the slower growth rate/lower flow rate and faster growth rate/higher flow rate samples had the same composition and band gap as the normal growth rate/ normal flow rate sample. A summary of the growth conditions for the samples listed earlier is shown in Table I . The structure for all samples consists of a 7 nm GaInNAs quantum well grown on a 300 nm GaAs buffer and capped by a 50 nm GaAs layer. The compositions of the samples were determined by HRXRD and SIMS. HRXRD was obtained with a Philips X'Pert Pro four crystal high-resolution x-ray diffractometer and SIMS analysis was outsourced to Charles Evans and Associates. PL measurements, used to obtain emission wavelength and intensity, were performed at room temperature with an argon ion laser and an InGaAs detector.
The plasma was characterized using a Langmuir probe to measure ion counts exiting the cell. The Langmuir probe and the setup have been discussed in depth elsewhere, 15 but a brief description will be given. The nude ion gauge filament found behind the substrate heater in most MBE systems can be used to measure ion and electron currents in the line-ofsight between the cell and substrate. The current measured in the filament can give an idea of the number of electrons and/or ions impinging upon the substrate surface. A voltage bias to the filament can be applied to separate ions and electrons and may also give the energies of the ion species. Stan- dard ammeters and high-voltage power supplies were used to measure the current and provide filament bias.
III. GROWTH ANALYSIS
A series of three samples was grown to first examine the properties and feasibility of growing GaInNAs materials with different nitrogen gas flow rates. Using the normal growth rates of 0.34 and 0.16 m / h for gallium and indium, samples with 0.25, 0.50, and 0.75 sccm were characterized. HRXRD was used to analyze the structural quality, strain, and composition of the three samples. Figure 1 shows the ͑004͒ /2 scans of the samples. All three samples showed distinct Pendellosung fringes indicating excellent interfaces between the layers, good epitaxial growth, and no relaxation or segregation. As the gas flow was increased from 0.25 to 0.75 sccm, the strain of the GaInNAs quantum well ͑QW͒ became less compressive indicating increased nitrogen incorporation. SIMS confirmed no change in indium concentration occurred between samples. Since the indium concentration remained constant, it was possible to simulate the HRXRD scans to obtain the nitrogen concentrations. Figure  2 plots the compositions corresponding to the different gas flow rates. Also shown in the figure is a nitrogen composition divided by the gas flow rate. This value, to first order, gives information on the nitrogen cracking and incorporation efficiency of the gas flow. The value is higher at lower flow rates and saturates past 0.50 sccm.
Once the nitrogen concentrations were determined, relationships similar to Eq. ͑1͒ were developed for the 0.25 and 0.75 sccm gas flows. In order to accurately compare the optical qualities of samples with different gas flows, it is important to obtain samples which all have the same composition and wavelength. The amount of nitrogen in the sample can drastically affect the quality of the material. It is well known that there are many nitrogen-related defects in dilutenitride growth and any difference in composition will prevent comparison of samples grown at different flow rates. The group-III growth rate was changed, as shown in Table I , such that the composition of the samples grown at the other gas flow rates would have the same composition. SIMS confirmed that all three samples had 30% -31% indium and 1.7% nitrogen.
PL measurements were made on the three samples with nominally identical compositions but different growth rates and gas flows. Typical of all dilute-nitride samples, ex situ annealing is necessary to remove various defects in the material and improve the optical quality. 9, 14, 16 Figure 3 shows the blueshifting of the peak PL wavelength with annealing. The wavelengths for the three samples are comparable with the 0.25 and 0.50 sccm samples within 10 nm of each other and the 0.75 sccm sample ϳ20 nm away from the other samples for the annealed conditions. The shortened wavelength of 0.75 sccm can be attributed to the fact it has 1% less indium than the other two samples. Since the wavelengths are similar, the PL intensities can be compared to determine which samples are better materials optically. The degree of blueshift between samples is notable. For the 0.50 and 0.75 sccm samples, the wavelength stabilized and no further blueshift took place. However, for the 0.25 sccm sample, there was no such stabilization, indicating the existence of defects requiring higher removal energies. Figure 4 shows the PL intensities with different anneal temperatures for the three different gas flow samples. The as-grown intensities are shown as the 580°C data point ͑the growth temperature of the GaAs cap͒. Before anneal, the PL intensity increases with higher flow rates. For all annealing temperatures, it is seen that as the nitrogen gas flow is increased into the cell, the GaInNAs luminescence improved. The luminescence for the 0.50 sccm sample is 3ϫ greater than that of the 0.25 sccm sample. The 0.75 sccm sample is higher than the 0.50 sccm sample, but the shorter wavelength may be contributing to the increased intensity. It is, at minimum, of slightly higher intensity than the 0.50 sccm sample. The full width at half maximum ͑FWHM͒ of the PL spectra also showed that the 0.25 sccm sample had the widest peaks of 55-70 meV while the 0.50 and 0.75 sccm samples had very similar FWHMs of 35-50 meV. These results agree with the theory that if a plasma is running in a "sparse" condition where the plasma is starved of gas molecules, higher gas densities lead to more beneficial species such as atomic N and N 2* . 8, 11, 12 The 0.25 sccm flow creates a sparse plasma and creates a larger fraction of ions verses active species. These results can also be compared to the cracking efficiency data shown in Fig. 2 . Both the intensities and cracking efficiencies of the 0.50 and 0.75 sccm samples are similar, while the 0.25 sccm sample has different properties. It is possible that enhanced cracking efficiency also enhances the creation of damaging ions and highly energetic species. In addition, the enhanced improvement with the anneal of the higher flow samples suggests whatever type or amount of damage caused by lower flow samples cannot be removed as easily as the higher flow samples. Ion damage is highly destructive and cannot be removed entirely with thermal annealing.
IV. ION COUNT MEASUREMENTS
Analyzing the properties of the GaInNAs QWs grown at different nitrogen gas flows and growth rates but maintaining the same composition is an effective method of examining the changes in the plasma. However, it can be argued that increasing or decreasing the growth rates alters the kinetics of dilute-nitride growth. Increasing the growth rate can reduce the amount of contamination per layer, but it also reduces the surface diffusion length. Decreasing the growth rate can increase contamination, but allow for adatom diffusion to thermodynamically favored sites. To examine the plasma contribution to the optical properties of the GaInNAs, ion count measurements were performed. Highly energetic species and N + , N 2 + , or N 2 ++ ions can damage the surface of the sample and cause a variety of point defects. Voltage bi-TABLE I. Summary of the growth conditions for the samples described in this study. The gallium and indium growth rates for the three growth rate conditions are listed. Checkmarks represent the samples which were grown with the designated growth rates and nitrogen gas flows. ased deflection plates at the end of the rf plasma cell can be used to eliminate the ions, 17 but it would be preferential to reduce the number by optimizing plasma conditions. Last, a voltage bias cannot remove noncharged energetic species.
Using the Langmuir probe described earlier in this article, a series of ion count measurements were made at the three different nitrogen gas flows. Figure 5 shows the measurements of the filament current plotted against the bias applied to the filament. One can see that for negative biases ͑to measure ion currents͒, the 0.25 sccm flow has more current than that of the 0.50 and 0.75 sccm flows, which are roughly equal to within error of the measurement. This indicates the 0.25 sccm flow has more ions impinging on the surface of the substrate and causes more damage. Higher ion counts are expected for sparse plasmas since the probability of the ion hiting another ion, molecule, or electron is lower than that in dense plasmas. The ion can then escape without interaction to the substrate. These measurements agree with the PL intensity results; the 0.25 sccm sample had the worst intensity, while the 0.50 and 0.75 sccm samples were substantially improved.
The similarity between the ion counts, PL intensity ͑tak-ing into account the slightly shorter wavelength for the 0.75 sccm sample͒, and the same incorporation efficiency suggests that the plasma between 0.50 and 0.75 sccm operates in a comparable manner. From these results, the gas flow into this rf plasma cell should be equal to or greater than 0.50 sccm to minimize plasma damage. The necessary gas flows will vary for each cell design, but it is important to make sure the cell is not operating in a sparse condition as it decreases optical quality.
V. CONCLUSION
Plasma optimization and damage minimization is important in the growth of dilute-nitride materials. While most of the focus in past research has gone into nonplasma related growth conditions, the plasma itself is the key to MBE GaInNAs growth. Sparse gas density conditions lead to decreased optical performance. Higher gas flows reduce the number of damaging ions originating from the plasma.
